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ABSTRACT 
Previous studies show that secondary dendrite arm spacing (SDAS) is linearly related to 
cooling rate, on casting and additive manufacturing processes. Even tough, these studies were 
conducted on various alloys and steels, the information available for titanium alloys at cooling 
rates ranging from 50°C/s to 1525°C/s hasn’t been explored yet. In this study, a total of 48 
titanium boron (Ti64-B) samples were prepared and analyzed to generate a SDAS vs cooling 
rate graph and compare it to theoretical mathematical relationships found in literature. From 
the 48 samples generated, only 39 achieved quality results to generate the graph that seems to 
follow the Feurer/Wunderlin model with a linear fitted regression line of 0.8773 and a slope of 
0.396.  
ABSTRACTO 
Estudios previos muestran que los espacios entre bazos dendríticos secundarios están 
linealmente relacionados a la velocidad de enfriamiento en la industria de moldura de metales. 
Aunque estos estudios fueron conducidos en varias aleaciones y aceros, la información 
disponible para aleaciones de titanio a velocidades de enfriamiento que van de 50°C/s a 
1525°C/s no ha sido exploradas aún. En el presente estudio, un total de 48 muestras fueron 
preparadas y analizadas para generar un gráfico de espaciado inter-dendrítico secundario vs 
velocidad de enfriamiento, y compararlo con relaciones matemáticas teóricas encontradas en 
investigaciones previas. De las 48 muestras generadas, solo 39 destacaron resultados de calidad 
para generar un gráfico que parece seguir el modelo Feurer/Wunderlin con una regresión lineal 
de 0.8773 y una pendiente de 0.396. 
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NOMENCLATURE 
CNC TIG welder: Manufacturing machine based on a tungsten electrode and inert gas that 
can weld at tremendous precision through a numerical control program.  
Ti64: An alpha-beta titanium alloy consisting of 6.75 wt% Aluminum and 4.5 wt% 
Vanadium. 
SDAS: Secondary dendrite arm spacing 
TiB: Titanium-Boron alloy 
BCC: Body centered cubic 
HCP: Hexagonal closed packed 
Plane Front: A region of interface stability 
UTS: Ultimate tensile strength 
HT: High temperature pyrometer 
LT: Low temperature pyrometer 
TiB: Titanium boron alloy   
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CHAPTER 1 
INTRODUCTION 
Even though titanium has been a well-known element for decades, its main importance 
and production took place about 60 years ago in the United States, where its mechanical, 
physical and alloying properties were the main reason for its commercialization (A.S.M., 
2002a). 
Nowadays, titanium is widely used on different fields and applications such as 
aerospace industry, ocean engineering, medical, automotive, construction and even sports 
equipment. The aerospace industry is the primary user of titanium, with the purpose of 
manufacturing, jet engines, compressor blades, casting parts and heat shields for commercial 
and military purposes.  In terms of medical fields, titanium is broadly employed on surgical 
instruments and orthopedics due to its biocompatibility to the human body (Asian-Metal, 2018).  
As a result of its importance and increasing demand, titanium alloys’ casting, welding 
and additive manufacturing processes need to be carried on under specific environments with 
the correct control of its composition since most of their properties are quite sensitive to any 
variation (Kalpakjian and Schmid, 2010). Therefore, the study of titanium microstructure, 
during solidification is vital for further optimizations on casting development and welding 
processes without compromising possible cracks or flaws (Li et al., 2011). 
Cast alloys, especially titanium alloys tend to develop dendritic primary structures 
which can be appreciated as long and thin dendrites. Furthermore, cooling rate effects tend to 
modify these primary structures by inducing the growth of secondary or even tertiary arms 
along the dendrite (Djurdjevič and Grzinčič, 2012). According to Vandersluis and Ravindran 
(2017), the relationship between cooling rate and dendritic structure is essentially related to 
mechanical properties; for finer dendritic structures mainly found at high cooling rates, alloys 
usually show higher strength and hardness, reduction on shrinkage porosity and 
electrical/thermal conductivity improvements. 
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1.1 Aims and Objectives 
The fundamental objective of the present thesis is to examine the relationship between 
cooling rate and dendritic microstructure on titanium alloys; where, boron is selected as the 
solute component due to its high insolubility in a titanium matrix and therefore exceptionably 
visible on dendritic microstructures. As a continuation, a set of specific goals are now described:    
 Investigating current studies in order to understand the importance of secondary 
dendrite arm spacing (SDAS) in titanium alloys. 
 Establishing a mathematical “power relationship” between cooling rate and SDAS for 
titanium alloys. 
 Achieving useful information that can be used by fellow researchers and students in 
future experiments as this thesis will fill a gap that hasn’t been explore yet.  
 Generating data that might be useful to improve further applications oriented to analysis 
of binary phase systems as well as solidification simulation as it is often impossible to 
measure cooling rates on titanium alloys. 
 Cooperating on the improvement and optimization of casting, welding and additive 
manufacturing processes on titanium alloys. 
 
1.2 Project scope and limitations 
Table 1: A description of relevant topics to generate and discuss in this thesis 
In scope Out of scope 
 Generating TiB hypereutectic 
samples at range of various cooling 
rates. 
 Analyzing temperature data obtained 
from pyrometers. 
 Exploring and measuring dendritic 
microstructure. 
 Developing a plot to understand 
relationship of SDAS vs cooling 
rate. 
- Generating TiB hypereutectic 
samples at exact weight percentage 
content of boron. 
- Determining any advantage of 
disadvantage of boron particles over 
a titanium matrix. 
- Exploring in depth, numerical 
models of SDAS development with 
respect of cooling rate. 
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 Comparing results to previous 
research literature to stablish any 
similarity. 
 Concurring in a mathematical 
equation that describes SDAS 
development in terms of cooling 
rate. 
 
 
1.3 Document Overview 
The following overview explains in summary the different topics discussed on each 
chapter contained within this thesis.  
Chapter 2: Introduces a literature review of all available research that are similar and 
applicable to the analysis and development of the expected outcome. This chapter defines all 
needed information in terms of: Binary systems, solidification theory, dendritic growth and its 
correlation with mechanical properties. An overview of the possible outcome is also provided 
in terms of correlating SDAS and cooling rate through a mathematical expression called Feurer-
Wunderlin model.      
Chapter 3: Describes the methodology used for the completeness of this thesis; it 
explains in detail how every sample was generated and tested as well as all equipment employed 
in order to acquire data needed for further post-processing.   
Chapter 4: Reports all relevant results obtained from raw pyrometer’s data and 
microstructural measurements. All data is post-processed and displayed as a set of graphs and 
tables in order to simplify its discussion and analysis. 
Chapter 5: Critically discuses all findings obtained and analyses the relationship of 
SDAS with cooling rate as well as its coherency to theoretical predictions. Additionally, it 
references material previously discussed in Chapter 2 in order to associate evidence that can 
support current findings.     
Chapter 6: Summarizes major findings by going deeper in whether all goals were 
correctly fulfilled and how students and academics can use the results to their convenience. 
Furthermore, all limitations and prominent errors found along the study conducted are identified 
and associated with a set of recommendations proposed to correct them.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Titanium Alloys 
Titanium as an element has been studied over the last 60 years as the main ingredient of 
new material’s development and applications. Based on its crystallography they are usually 
categorized in two groups: alpha and beta. Alpha phase (α) is referred as room temperature pure 
titanium that exhibits a hexagonal closed packed crystal structure (HCP). However, the beta 
phase (β) exists at about 883°C and consists of a body-centred cubic crystal structure (BCC) 
(A.S.M., 2002). 
Generally speaking, titanium alloys are broadly characterized by their excellent 
mechanical properties, some examples being: biocompatibility, high strength to density ratio,  
excellent fracture toughness, and valuable heat and corrosion resistance (Lisiecki and Piwnik, 
2016). Moreover, titanium alloys have been extensively used on diverse fields and applications 
such as aerospace industry, ocean engineering, medical devices, power generating plants, 
automotive industry and even sport equipment (A.S.M., 2002, Bermingham, 2009).  
2.2 Binary TiB Systems 
 Normally, pure titanium tends to show poor strength, low hardness and lack of ductility 
in terms of mechanical properties. To compensate for these disadvantages, the addition of extra 
elements into the matrix such as vanadium, aluminium or boron can help developing better 
properties for commercial purposes at the industry. 
(Zhu et al., 2003) states in their study how external alloying elements such as boron are 
well-suited for the reinforcement of titanium matrix, due to its low specific weight and high 
elastic modulus. In terms of mechanical properties, titanium alloys specially titanium-boron are 
expected to have improvement in strength, specific stiffness and high temperature resistance. 
In fact (Dubey et al., 1997) explains how: in-situ titanium matrix composites reinforced with 
TiB whiskers achieved an increase in modulus, without much loss of ductility at a low cost, 
making it attractive to aerospace and automotive applications. 
To assist in the development of titanium alloys, phase diagrams such as the one shown 
in figure 1 are commonly used and studied. The diagram displays a variety of reactions, for 
which the most notable one is the eutectic point; This composition of approximately 1.64w% 
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of boron as is well determined by a TiB phase (intermetallic) and a β phase (rich in titanium). 
Moreover, the eutectic composition suggests the lowest fusion point on the entire system which 
is approximately 1541°C. 
 
 
Figure 1: Ti-B phase diagram (A.S.M., 2002). 
 
2.3 Constitutional Supercooling. 
Constitutional supercooling is a solidification theory well- known and popular within 
engineers and technologists because of its simplicity and ease of application. This theory 
describes a basic criterion for understanding the stability of a solid–liquid interface based on 
how any perturbance forming at the solid liquid interface would find itself in supercooled liquid 
state during phase transformation (Flemings, 1974b). To understand this concept better, let’s 
assume that when solidification takes part: solute diffusion does not occur in the hot solid 
region; local equilibrium dominates at the solid-liquid interface; local temperature and thermal 
gradient at/or adjacent to the interface are primary concern and there is only one temperature 
gradient applied at the interface.  
Now, constitutional supercooling states that a stable interface behaviour occurs when 
temperature gradient T(X) is steeper and above the liquid region ahead of the interface 𝑇𝑙(𝑋). 
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This condition is described in figure 2a and are commonly seen on solidification of pure 
substances such as pure metals or even water.  
On the other hand, if the liquid region  ahead of the interface 𝑇𝑙(𝑋) is above the actual 
temperature gradient T(X), denoting a shallower temperature gradient, constitutional 
supercooling theory predicts an unstable interface, where a small change in composition, can 
cause enough perturbation to form a small forward-pointing projection of solid (figure 2b). This 
concept is mainly applicable on alloys solidification, where the major cause of constitutional 
supercooling is segregation of solutes the at front of the solid liquid interface as a result of 
solute rejection from the growing solid (Glicksman, 2011). 
  
 
 
 
 
Stability of interface and supercooling theory are vital aspects of current studies since 
they both predict transition of growth morphologies. Campbell (2003) & Glicksman (2011) 
point out on his studies how for single crystal alloys, if the interface remains stable, then the 
growth morphology of the plane front will be planar across the entire solidification process. 
However, when there is any constitutional perturbation at the interface and this becomes 
unstable, the predicted morphology will consist of distortions at the plane front, forming ridges 
adjacent to grain boundaries that at the end of the solidification process will form a cellular or 
dendritic structure as shown in figure 3. 
a) b) 
Figure 2: a) Stable configuration of the actual temperature field, T (X), relative to the constitutional gradient, G, in the dotted 
line showing the limiting slope of the liquidus temperatures Tl(X); b) Unstable configuration of the temperature field, T (X), 
relative to the constitutional gradient, G. The dashed curve shows the distribution of liquidus temperatures, Tl(X) (Glicksman, 
2011). 
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Figure 3: Transitional growth of the plane front, from planar to cellular and dendritic, depending of the degree 
of supercooling (Campbell, 2003). 
 
2.4 Dendritic Growth and Secondary Dendrite Arm Spacing (SDAS) 
Previous section explained how unstable interface can cause planar deformation and 
cellular structures. Moreover, further perturbations at the interface can generate a different story 
in terms of solidification morphology; one that Flemings (1974b) describes in his work as cell- 
dendrite transition. According to him, this transition would qualitatively occur when the tip of 
each cell becomes unstable due to constitutional supercooling, resulting on formation of 
secondary arms that would later define a proper dendrite as shown in figure 4.  
 
 
Figure 4: Sketch of the changing shape from regular cell growing (left) to dendrite structure showing periodic 
lateral branching (right). 
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Dendrites are tree-like structures of crystals in alloy solid-solutions that apart from 
constitutional supercooling, can be favoured at fast solidification processes as instabilities are 
also assessed by high cooling rates (Glicksman, 2011). In traditional casting processes there is 
usually dendritic growth generated against its thermal gradient direction where its composition 
on an alloy system can be described by phase diagrams explained in section 2.2; when it comes 
to morphology there is two different types of dendritic growth: equiaxed and columnar. 
According to (Sánchez, 2011) equiaxed and columnar dendritic morphologies are mainly 
formed due to macro and micro-segregation consisting of the longitudinal (parallel to the 
dendritic axis) transport of solute and lateral redistribution of solute concentration between the 
centre and the exterior of a dendritic arm.  
In terms of physical appearance, many writers find dendritic terminology non-consistent 
as some prefer to determine dendritic structures when they grow near the crystallographic 
orientation; whereas others prefer to describe dendritic structures as long as they present 
secondary branches. For the purpose of this thesis, terminology from (Kalpakjian and Schmid, 
2010) will be considered as: “structures that have three dimensional arms and branches also 
known as secondary dendrite arms, which eventually will interact to each other forming tertiary 
arms”. Considering this terminology, dendrite arm spacing can now be defined as a widely used 
measure of the space between primary, secondary or higher order branches (Flemings, 1974b).  
Usual casting and ingot-making processes generally take secondary dendrite arm 
spacing (SDAS) as the most important structural length parameter besides grain size due to its 
strong dependence on mechanical properties. The way of measuring dendritic space varies 
depending on the scenario. Vandersluis and Ravindran (2017) describes 5 different methods 
employed to manually measure dendritic space with the assistance of a microscope and an 
image analysis software; generally, the spacings measured are perpendicular distances between 
branches. However, not all methods show consistency especially at lower solidification rates. 
 For the purpose of this thesis, the most reliable method to measure SDAS found on 
(Vandersluis and Ravindran, 2017), was employed and can be explained in figure 5 as drawing 
a straight line (L) parallel to the primary dendrite arm, then count the number of secondary arms 
(N) intersecting the line, SDAS measurement can then be calculated by:  
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𝑆𝐷𝐴𝑆 =
𝐿
𝑁 − 1
 
 
Figure 5: Schematic representation of SDAS measurement method (Vandersluis and Ravindran, 2017). 
 
2.5 Correlation with Cooling Rate and Mechanical Properties 
It is well known that for metallic alloys mechanical properties are highly dependent of 
microstructure which according to Djurdjevič and Grzinčič (2012) can be controlled in four 
ways: cooling rate, chemical composition, temperature gradient and liquid metal treatment, 
being the first two the most important ones. Cooling rate is mathematically defined as the 
change of temperature per unit time, or the slope on a temperature vs time curve; a term widely 
used on casting procedures due to its importance on determining grain size and more 
importantly SDAS.  
 Łakoma et al. (2018); Osório et al. (2005) & (Jabbari Behnam et al., 2010) nicely 
describe in their work and concur on how cooling rate plays an important role for alloy 
microstructures. According to the authors, finer grains and shorter SDAS are predominant 
results of solidification processes corresponding to high cooling rates; this statement also 
applies vice versa: as cooling rates are low, alloys present coarser grains with bigger SDAS. 
 In terms of mechanical properties, Seah et al. (1998) summarizes in their work how 
SDAS are highly connected to the ultimate tensile strength (UTS) of chilled cast iron specimens 
which were water and liquid nitrogen cooled to stablish different cooling rates. Table 1 shows 
an outline of their findings and predicts an inverse relationship between SDAS and UTS until 
it approaches an asymptotic value. 
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Table 2: Results obtained from (Seah et al., 1998) showing how shorter SDAS enhance UTS on chilled cast iron. 
Specimen location (Distance 
from chill end) (mm) 
SDAS (µm) UTS (MPa) 
0.0 2 332.23 
30.0 3 318.57 
70.0 5 306.12 
105.0 5 248.78 
145.0 7 243.12 
180.0 10 253.25 
225.0 10 252.76 
 
Moreover, Jabbari Behnam et al. (2010) also points out how SDAS has a strong 
affiliation with hardness of alloys and steels. In his research paper, gray cast iron samples were 
solidified at different cooling rates, showing a dendritic microstructure with various SDAS 
measurements. Each sample was submitted to a Brinell hardness test (HB) and the results can 
be seen in figure 6, where it can clearly be concluded that shorter SDAS offer higher hardness 
values for gray cast iron.   
 
Figure 6: Results obtained from (Jabbari Behnam et al., 2010)  showing how hardness is inversely proportional 
to SDAS. 
 
 Corrosion resistance is another important property that can be linked to cooling rate and 
SDAS microstructure. Osório et al. (2005) nicely describe the influence of SDAS on corrosion 
resistance for hypoeutectic and hypereutectic Zn-Al alloys. According to them, for cast alloys 
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SDAS can be more significant in terms of corrosion resistance than macrostructural 
morphologies such as grain size and boundaries. Furthermore, their findings point out that for 
hypoeutectic Zn-Al alloys, finer dendritic structures rich in aluminium solution tend to yield 
high corrosion resistance. Contrarily, hypereutectic Zn-Al alloys tend to improve corrosion 
resistance with coarse dendritic microstructures.   
2.6 Feurer-Wunderlin Model  
Due to the importance of SDAS for the casting and metallurgy industries, various 
mathematical models have been developed over the past years to understand in a more 
descriptive and precise way dendritic microstructure growth. Zhang et al. (2009) states the 
Kurz/Fisher and Hunt/Lu models as the most accurate models to predict primary dendrite arm 
spacing (PDAS) and the Feurer-Wunderlin model for prediction of SDAS. This last one can be 
found in several research papers and books (Franke et al., 2011, Zhang et al., 2009, Flemings, 
1974a, Pierer and Bernhard, 2008, Kirkwood, 1985) and is described as follows.   
SDAS according to Franke et al. (2011) can be constructed on a power relationship on 
which local solidification rate, thermal gradient and solidification rate are arrange as: 
𝜆2~(𝑡𝑓)
𝑛
~𝐾 (𝑀
Δ𝑇
𝐺𝑣
)
𝑛
 
Where:  
𝜆2: 𝑆𝐷𝐴𝑆  
𝑡𝑓: 𝐿𝑜𝑐𝑎𝑙 𝑆𝑜𝑙𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 
𝐺: 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 
𝑣: 𝑆𝑜𝑙𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 
𝑀: 𝐶𝑜𝑎𝑟𝑠𝑒𝑛𝑖𝑛𝑔 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑚𝑎𝑖𝑛𝑙𝑦 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝐺𝑖𝑏𝑏𝑠 − 𝑇ℎ𝑜𝑚𝑠𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡. 
Δ𝑇: 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑓𝑖𝑟𝑠𝑡 𝑒𝑢𝑡𝑒𝑐𝑡𝑖𝑐 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛. 
𝐾: 𝐹𝑒𝑢𝑟𝑒𝑟 𝑎𝑛𝑑 𝑊𝑢𝑛𝑑𝑒𝑟𝑙𝑖𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 
 Even though, the equation comes from complex concepts such as: Fick’s law and Gibbs-
Thompson equation, Zhang et al. (2009) and Pierer and Bernhard (2008) prefer to simplify the 
equation so SDAS has only one dependent variable that can be easily measured experimentally, 
and so the equation can be further reduced to only depend on cooling rate as follows: 
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𝜆2 = 𝐴(𝐺𝑣)
−𝑛 = 𝐴(𝑉𝑐)
−𝑛 
Where:  
𝜆2: 𝑆𝐷𝐴𝑆  
𝐴: 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 
𝑉𝑐: 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒. 
 
 With this simpler equation, Flemings (1974a) Kirkwood (1985) state various 
experiments on mainly commercial steels, ferrous and nonferrous alloys where logarithmic 
plots are obtained, showing an inverse linear relationship between cooling rate and SDAS. More 
importantly, both coincide that for SDAS the slope or exponent (n) is a value in between 
1
2
 and 
1
3
  and constant A is mainly dependant on material thermodynamic behaviour. Figure 7 is an 
extract of this findings.  
 
Figure 7: Results obtained from (Flemings, 1974a)  showing inverse linear relationship between cooling rate 
and SDAS for various ferrous alloys and commercial steels. 
 
2.7 Relevance for Future Research and Manufacturing 
As explained in chapter 1, titanium alloys have become attractive in a variety of 
industries; carrying with it a large number of manufacturing technologies that are under 
development or already in production line. From simple and ancient processes such as casting 
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used to produce ingots, to very complex technologies such as additive manufacturing; titanium 
alloys always require a heat-cooling controlled procedure (Gupta, 2017).  
As microstructure development is highly dependent on cooling rate, researchers and 
engineers need to know at what cooling rate certain manufacturing processes are able to operate. 
For instance, casting processes cool at a rate from 3 to 5°C/s which diverges to additive 
manufacturing processes solidifying at a rate above 1000°C/s. In synthesis, many 
manufacturing processes lead to different solidification conditions that need to be quantified 
(Ou et al., 2018). 
Nevertheless, continuously measure each process have its limitations, as it consumes 
time, requires special equipment, can be very expensive, and sometimes even difficult to 
accomplish. The limitations of researchers and technologists been attached to a constant 
measuring system is what makes this study useful; as there is very little information of SDAS 
and cooling rate for titanium alloys.  
The study described in this thesis is therefore meant to assist academics, technicians and 
students in scenarios were cooling rate is rather unknown and difficult to be measured but can 
be correlated with its microstructure through a mathematical relationship that cover a range of 
cooling rates and therefore fitting many manufacturing processes. As a continuation, the next 
chapter summarizes the entire experimental procedure taken in order to fulfil this objective.  
CHAPTER 3 
EXPERIMENTAL METHODOLOGY 
3.1 Samples Preparation 
For the preparation procedure, two different samples were produced in order to capture 
the highest range of cooling rate possible. The first ones consisted of seven Ti64 rectangular 
samples, utilized as a base and primary constituent, which will pick up medium to high cooling 
rates. On the other hand, the second samples consisted on Ti64 cubic pieces mounted on a metal 
plate surface, being its main purpose capturing only lower cooling rates. Figure 8 shows the 
approximate general geometry and measurements of each sample. Additionally, a pasty mix of 
0.22g of boron particles (92-95%), 1.54g of hand gel and 0.36g of ethanol was generated to 
facilitate the application of what will become the solute into the surface of titanium samples.  
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For samples representing medium to high cooling rates, the preparation process started 
by cleaning each sample with ethanol and applying an appropriate amount of the boron mixture 
on their top surface. For samples representing lower cooling rates, the preparation started by 
cleaning both the cubic titanium pieces and the base plate with ethanol to later apply an 
appropriate amount of the same boron mix only on the side surface of each cubic piece. Rubbing 
and cleaning each sample prior to melting, facilitates to start electric arc as each sample is free 
of any impurities or grease. It is worth to mention that the quantity of boron needed depends on 
the size of the melting pool to be obtained, and it was estimated by eye.  
3.2 Melting Procedure 
After the preparation procedure, calibration of the CNC TIG welder is the next step for 
creating various melting pools. This procedure involves manually set the amount of inert gas 
flow and electric power needed in order to open arc. A summary of all settings applied can be 
found on table 2, it is worth to mention that none Ti64 welding filament was employed for the 
purpose of this experiment as the CNC TIG welder was mainly used for melting and no for 
welding purposes. 
Each sample was then clamped on the working table of the CNC welder. Further 
adjustments were made by moving the working table in such a way that the tungsten electrode 
and two pyrometer lasers were pointing directly towards the boron past previously applied 
(figure 9). As the CNC welder opened arc, titanium and boron became liquid and mixed 
together forming a melting pool no bigger than 15mm in diameter, as each melting pool was 
created, two software were adopted: “Compact Connect”, interacts with each pyrometer in real 
time and records temperature data that will be later processed; “Mach3mill” however, interacts 
 Thickness: 6mm 
a) b) 
Figure 8: General geometry of the samples: a) Medium to high cooling rate; b) Low cooling rates 
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with the CNC welder machine by controlling its movements along the x, y and z direction. A 
description of the entire equipment employed can be found in table 3.        
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: CNC TIG welder settings. 
CNC tungsten inert gas (TIG) welder 
Power 120 Amps 
Power ramp 100% 
Argon flow 15 L/min 
Argon pre-flow 3 sec 
Argon post-flow 10 sec 
Tungsten electrode length 45 mm 
Gap between sample and electrode 5 mm 
 
Table 4: Equipment used on the melting process. 
Equipment used Description Purpose 
Elektra CNC tungsten inert gas (TIG) welder. Main machine used to melt samples. 
Mach3mill software Controls CNC welder’s movement and operation.  
2 Optris Infrared pyrometers Used to sense high and low temperature along 
melting process. 
Compact connect software Give a direct connection to pyrometers and 
records raw data. 
 
3.3 Cutting and Mounting 
After finishing the melting process, 48 melting pools were created as figure 10 shows. 
To follow this process, a series of cuts were then accomplished using a Discatom 6 cutting 
Pyrometers 
Sample Electrode 
Working 
table 
Figure 9: Melting process showing: electrode, pyrometers sample and working table. 
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machine with a 250mm Struers 20S25 wheel blade at a cutting rate of approximately 0.3mm/s. 
Each pool was cut at the centre, generating a new set of smaller samples no bigger than 10mm 
in width. The cut at the centre is important as the purpose is to examine titanium boron (TiB) 
microstructure created at the same point both pyrometers were pointing at. 
 
Figure 10: Ti Sample showing TiB melting pools: a) High to medium cooling rates; b) Low cooling rates; c) 
Samples cut in half with no more than 10mm width. 
 
The new set of samples were then cleaned and dried, to later start a mounting process 
taken by a mounting pressing machine with a Multifast resin powder as its main constituent. 
This process will make all samples identical in shape (cylindrical) to assist the process of 
grinding and polishing.  
 
 
Figure 11: a) Hot mounting pressing machine; b) Cylindrical samples produced. 
a) b) 
c) 
a) b) 
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3.4 Polishing and Etching 
The grinding procedure started by setting up the grinding and polishing machine 
(TegraPol-35). Each sample was then gradually grinded for 3 minutes using abundant water 
and three sheets of sand paper with different grit size: 320, 600 and 1200 respectively. As usual 
each sample was grinded starting with the coarsest grit towards the finest one in order to obtain 
a clean and even surface free from dirt and scratches. 
Afterwards, a polishing process was conducted with the assistance of the same 
machinery and a solution consisting of OP-S colloidal silica suspension and 10-20% of 
hydrogen peroxide. Each sample was then immersed into this solution while polished with a 
polishing cloth (MD-Chem Struers) for 8 to 10 minutes, resulting on a shiny surface. It is worth 
to mention that after polishing, each sample was carefully rinsed with abundant distilled water 
to prevent OP-S agglomeration. 
Finally, an etching procedure was carried out (under supervision) with a solution 
consisting of: 5% Hydrofluoric acid (HF), 30% Nitric acid (HNO3) and 65% distilled water 
(H2O); this solution would phase out high angle grain boundaries leaving all samples ready to 
be inspected under the optical microscope. 
CHAPTER 4 
EXPERIMENTAL RESULTS 
4.1 Cooling Rate Data Post-Processing 
Data Post-processing involves manipulation of data collected on the melting operation, 
using Microsoft excel as a software tool to calculate cooling rates, resulting on a graphical 
interpretation of preliminary results. A general temperature and cooling rate diagrams are 
presented in figure 12 as a quick illustration of what each sample’s data would normally display 
once post processed, the next equation was employed along the entire process. 
   
𝑉𝑐 =
Δ𝑇
Δ𝑡
 
Where: 
𝑉𝑐 = 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 
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Δ𝑇 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 
Δ𝑡 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡𝑖𝑚𝑒 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As the cooling rate calculated represents a column full of values along time, a range of 
them were selected on linear regions along a temperature interval (Δ𝑇) at which dendritic 
growth begins to develop, this statement is better shown in figure 13. This procedure was done 
for both high and low temperature pyrometer’s data to then stablish one average cooling rate 
value. In some cases however, noisy signals of temperature couldn’t be recorded and therefore, 
no cooling rate was calculated and as a consequence some data points were lost.    
a) 
b) 
Figure 12: Temperature and Cooling rate diagrams for a) High temperature pyrometer; b) Low 
temperature pyrometer. 
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4.2 Microstructure 
With the intention of studying and measuring TiB alloy microstructure, a microscope 
with the assistance of a coupled camera and an image processing software (Spot 32) were 
utilized altogether for this procedure. Each SDAS measurement started by setting up a specific 
magnification lens, focus and then photograph three to four times at locations closed to the 
melting center and top surface where dendrites are clearly located. Afterwards, each photo was 
evaluated generating 13 to 15 measurements per sample using the linear intercept method which 
according to Vandersluis and Ravindran (2017) involves drawing a straight line parallel to the 
primary dendrite arm and counting the number of secondary arms intersecting the line (figure 
14). 
Although at first sight, figures 10a and 10b already show a dendritic structure driving 
from fine to coarse at cooling rates approximating 668°C/s and 774°C/s respectively, 
associating already cooling rate with dendritic structure; the measurement of SDAS still needs 
to be mathematically quantified to obtain a detailed behaviour. To state this quantitative 
behaviour, table 4 shows an average of these measurements with their cooling rates and 
respective standard deviation; it is worth to mention, that due to lack of boron in certain 
samples, some data points were lost along this procedure. 
Time 
T
em
p
er
a
tu
re
 
Dendritic growth 
End of 
solidification 
Solidification 
starts 
 
Figure 13: Alloy’s solidification curve where ΔT represents linear region along a temperature interval from 
where an average cooling rate is calculated (Sánchez, 2011). 
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a) b) 
c) 
Figure 14: Optical micrographs for samples 11 and 14 at 50x1.25 magnification showing: a) Sample 14, fine 
dendritic structure; b) Sample 11, coarse dendritic structure; c) Schematic representation of SDAS 
measurement method (Vandersluis and Ravindran, 2017). 
21 
 
Table 5: Summary table showing average cooling rate and average SDAS determined experimentally. 
Sample Average cooling rates Average SDAS STDV 
1 2022.21 3.76 0.4278 
2 671.70 6.96 0.7543 
3 1112.76 4.82 0.4775 
7 497.64 9.55 0.9687 
8 674.23 8.49 0.8535 
11 668.96 7.51 0.6147 
14 774.11 5.32 0.6245 
15 903.15 5.05 0.5606 
16 323.37 5.10 0.8471 
17 1031.06 5.20 0.4540 
20 68.50 14.73 2.1920 
21 100.00 13.80 1.5570 
23 132.00 9.66 1.2127 
24 91.75 14.50 2.2849 
25 73.00 16.54 3.0757 
27 47.90 16.23 1.2593 
28 55.65 14.89 1.4219 
29 50.00 14.80 2.9590 
30 170.09 13.18 1.7267 
31 71.00 14.62 2.2105 
40 1093.56 5.17 0.5998 
41 592.66 5.02 1.2589 
42 754.83 5.30 0.5221 
43 1345.89 4.37 0.6682 
44 434.76 7.02 1.0428 
45 510.94 6.48 0.7841 
46 577.34 5.75 0.7935 
47 368.57 8.38 1.5992 
48 636.98 4.68 0.3971 
49 861.94 5.25 0.8948 
50 1082.00 5.73 0.5761 
51 642.65 5.53 0.6762 
52 453.89 7.43 0.6764 
53 297.31 9.01 1.4271 
54 176.89 11.16 2.6160 
57 224.00 10.35 1.1544 
58 235.00 9.30 1.7349 
59 215.00 10.92 1.1038 
60 846.46 5.55 0.8939 
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CHAPTER 5 
ANALYSIS AND DISCUSSION 
5.1 Secondary Dendrite Arm Spacing & Cooling Rate  
 With the assistance of table 4, a graph representing cooling rate vs SDAS is shown in 
figure 15. The graph shows a total of 39 points with SDAS ranging from 3μm to 17μm and 
cooling rates ranging from 50ºC to 1525ºC. To determine the mathematical behavior of 
dendritic development a power fitted regression line is shown in blue with an R2 value as 
follows: 
𝜆2 = 80.042𝑉𝑐
−0.396 
Where: 
𝜆2: 𝑆𝐷𝐴𝑆 
𝑉𝑐: 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 
𝑅2: 0.8773 
 
Furthermore, a logarithmic plot is presented to be consistent in previous studies of how 
a linear behaviour is also obtained, for this case the exponent becomes the slope of the 
regression line and allows to determine how some data points can be consider potential outliers. 
Moreover, figure 15 also displays error bars that represent standard deviation; which apparently 
tend to increase as cooling rate gets lower. 
The mathematical expression derived represents a successful representation of the 
Feurer/Wunderlin model and concurs with previous studies as the regression line fits in between 
the red line boundaries which are the upper and lower limits with exponents 
1
2
 and 
1
3
  discussed 
in section 2.6. 
Nevertheless, the resulting equation still needs to be replicated in future studies, as the 
possibility of extrapolations along lower and higher cooling rates needs to be considered. 
Additionally, further explanation of why some data points largely deviate from the regression 
line as well as the relationship of high error bars with lower cooling rates are taken into account 
and discussed in sections 5.2 and chapter 6. 
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Figure 15: Experimental results of the relationship between SDAS and cooling rate as: a) Power mathematical 
expression; b) As a logarithmic linear expression.  
 
5.2 Affected Recordings and Deviation 
Even though, all data points fit inside the boundaries mentioned in the previous section, 
some of them are located far away from the trend line and act as data outliers. The reason of 
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this behavior could be addressed to many attributes, such as calibration failure, experimental 
components failure, and human error. However, for this case the main source of inaccuracy 
comes from a combination of measurement of cooling rate with pyrometers and SDAS at the 
optical microscope.  
Take figure 16 as a reference, when doing the melting process, both pyrometers point 
at the center of the melting pool and the top surface, meaning that if accurate measurements of 
SDAS are to be obtained, the optical microscope should point at area “A”, around the center 
line of the melting pool and as close as possible to the top surface. Nevertheless, area “A” was 
not entirely visible for all samples, and therefore measurements were also taken from area “B” 
or “C” depending on the case; leading to an uncertain correlation between SDAS and cooling 
rate.    
Furthermore, figure 15 shows error bars representing standard deviation for each data 
point, which tend to increase as cooling rates get slower and decrease as cooling rates get faster.  
Taking again figure 16 as a reference, when cooling rates are faster, area “A” will contain fine 
dendritic microstructure that would be similar to the ones in section “B” and “C”. Therefore, 
when taking a mix of measurements from areas “A”, “B” and “C” the deviation will be shorter 
as all microstructures are homogeneous across the sample. At slower cooling rates however, 
area “A” will contain coarse dendritic microstructure that would be unlike the ones in section 
“B” and “C” due to the fact that they have a larger surface are with respect to the wall of the 
melting pool than “A”. Therefore, when taking a mix of measurements from areas “A”, “B” 
and “C” the deviation will be higher.     
 
 
Figure 16: Cross-section view of theoretical melting pool at: a) Fast cooling rates; b) Slow cooling rates. 
a) b) 
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CHAPTER 6 
CONCLUSIONS 
 As a summary, this study gives concise results for the effect of cooling rate on the 
secondary dendrite arm spacing in titanium alloys; where 48 samples were produced and 
analysed in order to fulfil the objective of developing a quantitative relationship between 
cooling rate and dendritic microstructure. As a continuation, a set of specific conclusions are 
now listed: 
 
 The general behavior of SDAS with respect to cooling rate found on this research shows 
a close similarity to previous investigations for steels and other alloys. For instance, 
SDAS show the same logarithmic linear relationship with respect to cooling rate.  
 
 Despite data showed fairly high error bars, specially at lower cooling rates; the power 
fitted regression line showed a diverse and well spread alignment of data points with an 
R2 value of 0.8773. 
 
 The mathematical expression derived based on the Feurer/Wunderlin model presents a 
slope of 0.33 which assumes a successful relationship as previous studies report slopes 
inside a boundary of -0.5 to -0.33 respectively. 
 
 The results can count as a start point to fill a breach that hasn’t been fully explored if 
compared to other alloys; which could be used for fellow students and academics in 
further studies as a tool of estimation where it’s usually difficult to measure cooling 
rates. 
 
Overall, the objective of the thesis was fulfilled, and it was determined that dendritic 
microstructure can be quantitatively related to cooling rate for titanium alloys. Nevertheless, 
the mathematical relationship shown in this investigation still needs to be replicated and more 
studies need to be conducted in order to proof its veracity and expand its possible benefits.  
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RECOMMENDATIONS 
 The outcomes of this study were successfully for showing useful conclusions that play 
along with all objectives previously identified. Nonetheless, some findings also revealed the 
need of further research in order to extend available knowledge at this area of investigation. For 
instance, two main recommendations are put into consideration for future attempts at replicating 
this study.   
As previously explained, the amount of boron added to create each melting pool was 
estimated by eye in order to create a hypereutectic alloy. The uncertainty of content of boron 
leads to no complete control of dendritic microstructure, as the level of solute also influences 
in how fine or coarse a dendrite morphology develops. One way to solve this problem is by 
preparing ingots with the exact amount of boron needed and use them to prepare each melting 
pool.  
The last recommendation takes into consideration some limitations found when dealing 
with cooling rates. The methodology used in this study could only capture a range of cooling 
rates going from 50°C/s to 1525°C/s which was useful to find a mathematical correlation. 
However, many manufacturing processes go beyond those cooling rates, leaving an ambiguity 
and a possibility of studying whether an extrapolation is possible at even slower or faster 
cooling rates.   
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APPENDIX A: SOLIDIFICATION AND COOLING RATE CURVES  
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APPENDIX B: MICROSTRUCTURE 
Sample 1 100x0.8 small.  
 
 
 
 
 
 
 
 
Sample 2 50x1 small. 
 
56 
 
 
Sample 3 50x1.25 small. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
57 
 
Sample 7 50x0.8 small. 
 
Sample 8 50x1.25 small. 
 
 
 
 
 
 
58 
 
 
 
 
 
 
 
 
 
Sample 11 50x0.8 small.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
59 
 
Sample 14 50x1.25 small. 
 
 
 
 
 
 
 
 
Sample 15 50x1.25 small.  
 
 
 
 
 
 
60 
 
 
 
 
 
 
 
 
 
Sample 16 50x1.25 medium. 
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Sample 16 50x1.25 small. 
 
Sample 17 50x1.25 small.  
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Sample 20 20x1 small 
 
 
 
 
 
 
 
 
Sample 21 20x1 small 
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Sample 23 20x1 small 
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Sample 24 20x1 small 
  
 
 
 
 
 
 
 
Sample 25 20x1 small 
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Sample 27 20x1 small 
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Sample 28 20x1 small 
 
 
 
 
 
 
 
 
Sample 29 20x1 small 
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Sample 30 20x1 small 
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Sample 31 20x1 small 
 
Sample 40 50x1.25 small 
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Sample 41 100x1 small 
 
Sample 42 50x1.25 small 
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Sample 43 50x1.25 small 
 
Sample 44 50x1.25 small 
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Sample 45 50x1.25 small 
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Sample 46 50x1.25 small 
 
 
 
 
 
 
 
 
Sample 47 50x1.25 small 
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Sample 48 50x1.25 small 
Sample 49 50x1.25 small 
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Sample 50 50x1.25 small 
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Sample 51 50x1.25 small 
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Sample 52 50x1.25 small 
 
 
 
 
 
 
 
 
Sample 53 50x1.25 small 
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Sample 54 50x1.25 small 
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Sample 57 50x1.25 small 
 
 
 
 
 
 
 
 
Sample 58 50x1.25 small 
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Sample 59 50x1.25 small 
Sample 60 50x1.25 small 
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